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AttentionMany visual attributes of a target stimulus are computed according to dynamic, non-retinotopic refer-
ence frames. For example, the motion trajectory of a reﬂector on a bicycle wheel is perceived as orbital,
even though it is in fact cycloidal in retinal, as well as spatial coordinates. We cannot perceive the cycloi-
dal motion because the linear motion of the bike is discounted for. In other words, the linear motion com-
mon to all bicycle components serves as a non-retinotopic reference frame, with respect to which the
residual (orbital) motion of the reﬂector is computed. Very little is known about the underlying mecha-
nisms involved in formation and operation of non-retinotopic reference frames. Here, we investigate spa-
tial properties of non-retinotopic reference frames. We show that reference frames are not restricted
within the boundaries of moving stimuli but extend over space. By using a variation of the Ternus–
Pikler paradigm, we show that the spatial extent of a non-retinotopic reference frame is independent
of the size of the inducing elements and the target position near the object boundary. While dynamic
reference-frames interact with each other signiﬁcantly, a static reference-frame has no effect on a
dynamic one. The magnitude of interactions between two neighboring dynamic reference-frames
increases as the distance between them reduces. Finally, our results indicate that the reference-frame
strength is signiﬁcantly attenuated if the locus of attention is shifted to the elements of the neighboring
reference instead of the main reference. We suggest that these results can be conceptualized as reference
frames that act and interact as ﬁelds.
 2015 Elsevier Ltd. All rights reserved.1. Introduction
1.1. Retinotopic organization and non-retinotopic processes
The optics of the eye map neighboring points in the environ-
ment to neighboring retinal photoreceptors, and these neighbor-
hood relations, known as retinotopic organization, are preserved
in early visual cortical areas. Under normal viewing conditions,
due to object and observer movements, the stimuli impinging on
the retinotopic representations are highly dynamic and unstable.
Thus, understanding ecological vision requires an understanding
of how visual processes operate under dynamic conditions.
Retinotopic theories are not sufﬁcient to explain how clarity of
form is achieved in a dynamic environment (Ogmen & Herzog,
2010). Non-retinotopic theories provide an alternative view.
Indeed, under dynamic conditions, visual attributes such as form
(Ogmen, Otto, & Herzog, 2006), luminance (Shimozaki, Eckstein,& Thomas, 1999), color (Cavanagh, Holcombe, & Chou, 2008;
Nishida et al., 2007), size (Kawabe, 2008), and motion (Boi et al.,
2009; Cavanagh, Holcombe, & Chou, 2008) are computed according
to non-retinotopic reference frames. In the present study, we
examine the nature and spatial extent of these non-retinotopic ref-
erence frames.
1.2. Experimental paradigms for exploring retinotopic vs. non-
retinotopic processing
Saccadic Stimulus Presentation Paradigm (SSPP) has been the
classical experimental technique to pit retinotopic against
non-retinotopic processes (Davidson, Fox, & Dick, 1973; Irwin,
1991; Knapen, Rolfs, & Cavanagh, 2009; McRae, Butler, & Popiel,
1987; Melcher & Colby, 2008; Melcher & Morrone, 2003). In a typ-
ical SSPP experiment, two spatially overlapping but temporally
separated stimuli are presented to the observers immediately
before and after a saccade. Since the respective stimulated retinal
regions for the two stimuli are distinct due to the saccadic eye
movement, retinotopic processing theories predict no interaction
between the respective percepts. Spatiotopic processing theories,
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share the same region in space. SSPP provides a powerful method
for exploring non-retinotopic processing across saccades.
However, this paradigm involves eye-movement related processes,
such as saccadic suppression and efference copy, and cannot be
employed to study non-retinotopic reference frames independent
of eye movements.
The Reviewing Paradigm (Kahneman, Treisman, & Gibbs, 1992)
is also used to study non-retinotopic processes. This paradigm con-
sists of three successive displays, namely preview ﬁeld, linking dis-
play, and target ﬁeld. The preview ﬁeld contains two stationary
shapes (a square and a triangle) and two letters displayed within
those shapes. During the linking display, the letters disappear
while the square and the triangle smoothly move to a different
retinotopic location. The target ﬁeld contains those two shapes,
stationary at their ﬁnal positions, and only one letter displayed
within one of the two shapes. The task of the observer is to name
the letter shown in the target ﬁeld as quickly as possible. With this
paradigm, one can examine, for example, whether the letters
shown in the preview ﬁeld can modulate responses to letters
shown in other retinotopic locations. Kahneman, Treisman, and
Gibbs (1992) reported a preview advantage and interpreted this
ﬁnding as an object-speciﬁc integration of information across dif-
ferent retinotopic locations.
An alternative method for exploring non-retinotopic processing
is the Ternus–Pikler paradigm, a bistable apparent motion display
introduced by Gestalt psychologists about a century ago (Petersik
& Rice, 2006; Pikler, 1917; Ternus, 1926). As we discuss in the next
section, this paradigm has the advantage of pitting retinotopic and
non-retinotopic processes against each other directly. It also pro-
vides strong control conditions that can be used to rule out any
potential retinotopic artefacts.
2. Exploring non-retinotopic processing using the Ternus–
Pikler paradigm
2.1. Non-retinotopic feature processing
We have modiﬁed the Ternus–Pikler paradigm to study
non-retinotopic bases of various visual processes (Aydin, Herzog,
& Ogmen, 2011a; Boi, Ogmen, & Herzog, 2011a, 2011b; Boi et al.,
2009; Noory, Herzog, & Ogmen, 2015; Ogmen, Otto, & Herzog,
2006; Otto, Ogmen, & Herzog, 2008; Scharnowski et al., 2007).
Fig. 1 shows the application of the Ternus–Pikler paradigm to study
motion processing (Boi et al., 2009). This Ternus–Pikler display
includes four frames, each of which contains three disks, separated
by ISIs.
Depending upon the ISI, two types of motion are perceived
between the Ternus–Pikler disks (Pantle & Picciano, 1976). For long
ISIs (e.g., 210 ms) observers perceive the disks to be moving as a
group (Fig. 1A: group motion). For short ISIs (e.g., 0 ms) observers
perceive the leftmost disk in the ﬁrst/third frame to be moving to
the position of the rightmost disk in the second/fourth frame and
vice versa (Fig. 1B: element motion). In the case of element motion,
no motion is perceived for the other two disks. Finally, in the
no-motion control condition (Fig. 1C: no motion condition),
removing the leftmost and the rightmost reference disks in the
Ternus–Pikler display frames eliminates perception of both group
and element motion, regardless of the ISI. The percept in this case
is that of two static or ﬂickering disks. The black dots, depicted
inside the Ternus–Pikler disks in Fig. 1, are the probe stimuli for
exploring motion perception. A retinotopic hypothesis predicts
that the retinotopic proximity will dictate the perceived motion
of the dots. Since the retinotopic proximity of subsequentlypresented dots in the middle disks follows the pattern shown by
the arrows in Fig. 1B and C, a purely retinotopic hypothesis pre-
dicts perception of up-down and left-right dot motion, regardless
of the ISI value. Non-retinotopic hypotheses, however, predict that
the perceived dot-motion depends on the perceived motion of the
Ternus–Pikler disks. More speciﬁcally, the motion of the dots
should be computed according to their proximity in a reference
frame that moves according to the perceived motion of the
Ternus–Pikler disks. In other words, the reference frame should
move according to the dashed arrows in Fig. 1A and B. When the
Ternus–Pikler disks are perceived to be in element motion
(Fig. 1B), the non-retinotopic prediction is the same as the retino-
topic prediction (perception of up-down and left-right dot motion).
However, when group motion is established between the Ternus–
Pikler disks (Fig. 1A), the non-retinotopic prediction for dot motion
will be that of a rotation. In other words, non-retinotopic motion
grouping based hypothesis predicts that group motion of Ternus–
Pikler disks will serve as a non-retinotopic reference leading to
the perception of dot rotation in group motion condition. Boi
et al.’s results supported the predictions of non-retinotopic refer-
ence frame hypothesis.
As another example of how Ternus–Pikler display can be used
to probe visual processes, let us consider visual search, in which
a target is to be searched among several distractors. Employing
the Ternus–Pikler paradigm, Boi et al. (2009) instructed their sub-
jects to visually search for a horizontal green bar among red and
green vertical bars (Boi et al., 2009). Orientation and color maps
are generally assumed to be retinotopic (e.g., Huang & Pashler,
2007; Treisman & Gelade, 1980; Palmer, 1999, p. 532). The con-
junction search task deﬁned by both orientation and color, how-
ever, was shown to operate in non-retinotopic reference frames,
as subject performance modulated with perceived motion (ele-
ment or group) of the Ternus–Pikler disks (Fig. 2).
3. Rationale of the study
To the best of our knowledge, in all prior studies exploring
non-retinotopic visual processing, the targets appeared inside the
boundaries of the elements generating their respective
non-retinotopic reference frames. However, under normal ecolog-
ical vision, conditions such as occlusions, similarities between fore-
ground and background luminance and texture dictate that not all
targets are seen within the boundaries of a given object. In fact,
spatio-temporal grouping, i.e., Gestalt formation, can occur with-
out connectedness and enclosure. Hence, visual attributes such
as enclosure and connectedness seem to be insufﬁcient for deﬁning
the spatial extent of non-retinotopic reference frames in human
vision. In physics, the concept of ﬁeld is used to characterize
non-local interactions without direct physical contact. Gestalt psy-
chologists adopted the same concept to explain non-local interac-
tions in perception.
A powerful demonstration of this concept is the biological
motion paradigm introduced by Johansson (Johansson, 1973).
The light points placed on an invisible walker appear all discon-
nected, but their perceived motion is organized according to a ref-
erence frame that tracks the global motion of the walker. We can
also easily demonstrate this effect by modifying the visual search
paradigm discussed in Section 2.1. As shown by demos (Video-1,
Video-2, and Video-3), the non-retinotopic reference frame
induced by the moving disks can inﬂuence the perception of tar-
gets outside their luminance-deﬁned boundaries.
The goal of this study was to test whether the reference frame is
‘‘object-based’’, i.e., limited within the conﬁnes of a reference
object, or it extends over space outside the ‘‘object’’. Our results
Fig. 1. Stimuli and respective percepts reproduced from Boi et al.’s (2009) study. Ternus–Pikler space-time diagrams for three different motion conditions are depicted. Each
diagram includes four display frames separated by a blank frame for the duration of ISI. (A) Group Motion: for long ISIs (e.g., 210 ms) disks are perceived to be moving as a
group. The dot in the central disk appears to rotate because of the non-retinotopic reference frame (arrows, not shown in the actual display) created by the group motion. The
dots in the outer disks appear to be stationary. (B) Element Motion: for short ISIs (e.g., 0 ms) the leftmost disk in the ﬁrst/third frame is perceived to be moving to the position
of the rightmost disk in the second/fourth frame and vice versa. In this case, no motion is perceived for the other two disks, and the dots are perceived as moving up-down and
left-right inside the disks. (C) No Motion: the leftmost and the rightmost reference disks are removed, and no motion is perceived for the reference disks. The dots are
perceived as moving up-down and left-right regardless of the ISI.
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the reference object and is independent of the size of inducing
objects. We then studied how multiple reference-frames interact
over space.
4. General methods and materials
All visual stimuli were generated via a Visual Stimulus
Generator (VSG 2/5) card manufactured by Cambridge Research
Systems. The stimuli were displayed on a 22 in. color monitor set
at a resolution of 800  600 with a refresh rate of 100 Hz.
Subject responses were collected by means of a joystick connected
to the computer hosting the VSG card. The distance between the
observer and the monitor was ﬁxed at 1 m, and a head/chin rest
was utilized to minimize subject head motion during the experi-
ments. Observers were asked to maintain a stable gaze ﬁxated at
the center of the monitor and attend to the motion of the dots pre-
sented near the central disks of the Ternus–Pikler display.
Although we did not monitor eye movements in the present study,
our previous experiments showed that observers are able to keep a
stable ﬁxation while viewing the Ternus–Pikler displays (Boi,
Ogmen, & Herzog, 2011a, 2011b).
All experiments were conducted in a dimly lit room.
Background luminance for all experiments was set at 28 cd/m2,
and the dot and disk luminance levels were ﬁxed at 0 and
56 cd/m2 respectively. Frame duration for all Ternus–Pikler dis-
plays was ﬁxed at 90 ms. ISI was chosen to be 0 and 210 ms for ele-
ment and group motion conditions respectively. Seven participants
ranging from 22 to 39 years of age, of which six were naïve to the
purpose of the study, took part in the experiments. The experi-
ments were conducted according to a protocol approved by the
University of Houston Committee for the Protection of Human
Subjects and were in accordance with the federal regulations, the
ethical principles established by the Belmont Report and the prin-
ciples expressed in the Declaration of Helsinki. Each participant
gave written informed consent before the experiments. Practice
trials were conducted to familiarize the observers with experimen-
tal procedures. The results of practice trials were not included in
the data analysis.5. Experiment 1: the boundary effect and spatial extent of a
non-retinotopic reference-frame
5.1. Methods
To test the spatial extent of non-retinotopic reference frames
near the boundary of inducing objects, we varied the distance of
a dot with respect to the Ternus–Pikler disks. Stimulus design
and the corresponding perceived motion for Experiment 1 are
depicted in Fig. 3. Center-to-center separation between the disks
was ﬁxed at 88.20. Disk and dot radii were also ﬁxed at 23.790
and 3.390, respectively. The center-to-center distance between
the black dot and the central Ternus–Pikler disc, however, was var-
ied in the range, from 19.80 to 40.740.
In addition to the element (Video-4) and group (Video-5)
motion conditions, two control conditions were included: (i) In
the no-motion control condition (Fig. 3C), the outer disk/dot ele-
ments in each frame were omitted (Video-6). (ii) In the
no-reference control condition, dots were displayed in the absence
of disks (Video-7). The no-reference condition was included in the
study to ensure that the perception of dot rotation is in fact due to
the reference Ternus–Pikler disks, and to eliminate the possibility
that perception of rotation could be the result of a motion cue in
the dots themselves.
Four naïve observers (ages 24–39) in a 2-AFC method reported
the perceived direction of dot rotation (clockwise or
counter-clockwise). In four experimental blocks, we collected data
for each of the four Disk-Dot distances shown in Fig. 3. Order of
presenting the blocks within the experiment was randomized from
subject to subject. Each block of the experiment included 200 tri-
als. The trials were randomized with respect to experiment condi-
tion (motion or no-motion), ISI value (210 or 0 ms), starting
position of the Ternus–Pikler motion (left or right), starting posi-
tion of the target dot (top, left, right, or bottom), and the direction
of dot rotation (clockwise or counter-clockwise). Each session
started with the subject pressing a key on the joystick. Four display
frames of 90 ms duration separated by blank frames of the appro-
priate ISI duration were presented in a sequence. The program then
waited for the subject response, which in turn signaled the start of
Fig. 2. Visual Search Stimulus and Results from Boi et al. (2009): (a) feature integration theory. Features are coded in retinotopic feature maps, one map for each basic feature
dimension. To bind features together, a master map operates on the feature maps. If, for example, a green, horizontal line has to be searched for, the master map ‘‘checks’’
whether there is a ‘‘green’’ entry in the color map and a ‘‘horizontal’’ entry in the orientation map at the same retinotopic location in each map. (b) On each square and the
central disk, a different search display was presented. The squares and the disk were shifted by one inter-element spacing back and forth. Five observers searched for a green,
horizontal line in the central disk. Because of group motion and the corresponding non-retinotopic integration, search is quite accurate in the group motion condition (see
(d)). (c) When the outer squares are omitted, group motion is obliterated and ‘‘integration’’ is retinotopic. This creates strong masking effects because different search displays
alternate at each retinotopic location. (d) Results. Accuracy is higher and reaction times are faster for the group motion condition compared to the no motion condition. (e)
There are virtually no (horizontal) eye movements during visual search when group motion is perceived. From Boi et al. (2009). (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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take brief breaks before reporting their response. Longer rest
breaks were given in between experimental blocks. The data for
the no-reference control condition were collected in four indepen-
dent blocks of 60 trials each.5.2. Results
Fig. 4 shows performance as a function of dot-disk separation for
the different experimental conditions. Two-way
repeated-measures ANOVA indicates that experimental condition
(F3,9 = 219.7; p < 0.001; gp2 = 0.98), but not dot-disk separation
(F3,9 = 3.2; p = 0.167; gp2 = 0.52), has a signiﬁcant effect on perfor-
mance. When group motion condition is removed from analysis,
experimental condition ceases to be signiﬁcant (F2,6 = 3.5;
p = 0.157; gp2 = 0.54). In fact, while performance is about 80% cor-
rect in the case of group motion, it is near chance for all other con-
ditions. Using a paired t-test comparing performance to 50%
chance-level, we obtained the following results: (i) element motionexperiment condition (t11 = 0.588; p = 0.567); (ii) no-motion control
conditionwith ISI = 210 (t11 = 0.580; p = 0.573); (iii) no-motion con-
trol condition with ISI = 0 (t11 = 1.336; p = 0.208); (iv)
no-reference control condition ISI = 0 (t11 = 0.493; p = 0.625); and
(v) no-reference control condition ISI = 210 (t11 = 1.743; p = 0.091).5.3. Discussion
In agreement with earlier ﬁndings (Boi et al., 2009), our results
indicate that dot rotation is perceived only when the reference
disks are perceived to be moving as a group. Furthermore, once
perception of group motion is established, within the range tested
in this experiment, subject performance in reporting direction of
dot rotation remains independent of dot location (inside or outside
the reference disk) and the disk-dot separation. The vertical dashed
line indicates the location of the Ternus–Pikler disk boundary. The
data point to its left corresponds to the case where the dot is inside
the disk, while the other data points correspond to cases where the
dot is outside the Ternus–Pikler disk. Also note that the maximum
Fig. 3. Stimuli used in Experiments 1 and 2, and the corresponding percepts.
Similar to stimuli of Fig. 1, Ternus–Pikler space-time diagrams for the three
different motion conditions are shown. (A) Group motion: ISI = 210 ms. (B) Element
motion: ISI = 0 ms. (C) No motion control: the leftmost and the rightmost reference
disks/dots removed. (D) No reference control: all reference disks were removed from
the display, dot placement identical to (A) and (B). In Experiment 1, the center-to-
center distance between the target dot and the reference Ternus–Pikler disk was
varied, placing the dot inside or outside the reference disk at different separations.
In Experiment 2, the target dot was placed outside the reference disk at a ﬁxed
distance of 67.86’, and the size of the reference disk was varied. Subjects were asked
to report the perceived direction of rotation for the target dot.
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48 B. Noory et al. / Vision Research 113 (2015) 44–54separation of 40.740 places the dot near the half-way point
between two neighboring Ternus–Pikler disks. At the maximum
separation tested in this experiment, the range over which
non-retinotopic reference-frame effect remains constant is 12
times the radius of the dot and 1.7 times the radius of the disk.
In order to investigate further the ratio of separation to
inducing-element-size, we varied in the next experiment the size
of the Ternus–Pikler elements.Disk-dot center-to-center distance (Arcminutes)
Fig. 4. Experiment 1: percentage of correct responses of detecting the direction of
dot rotation, for 4 observers, plotted against the dot-disk center-to-center distance
(Arcminutes). The vertical dashed line indicates the location of the Ternus–Pikler
disk boundary. The data point to its left corresponds to the case where the dot is
inside the disk, while the other data points correspond to cases where the dot is
outside the Ternus–Pikler disks. Subjects perform well above chance level when the
reference disks are perceived to be moving as a group, but near chance level for all
other experimental conditions. The dot-disk separation has no signiﬁcant effect on
performance. Error bars correspond to ±1 SEM.6. Experiment 2: effects of inducing element size on reference-
frame strength
6.1. Methods
The stimulus design and methods were similar to those of
Experiment 1. In order to study dependence of non-retinotopic
reference-frame strength on the spatial size of inducing elements,the reference-disk size was varied and percent correct perceived
dot rotation (clockwise/counter-clockwise) was measured. Dot
radius and disk-dot center-to-center separation were ﬁxed respec-
tively at 3.390 and 67.860, while the radius size of the
reference-disks was varied in the range from 6.780 to 30.630. Four
naïve observers (ages 22–24) reported the perceived direction of
dot rotation in a 2-AFC method. Three of the observers were chosen
from the subject population of Experiment 1. The experimental
blocks and randomization of trials were identical to those of
Experiment 1, with the exception of elimination of the
no-reference control condition.
6.2. Results
Fig. 5 plots performance as a function of reference-disk radius
for different experimental conditions. Two-way
repeated-measures ANOVA indicates that experimental condition
(F3,9 = 99.2; p < 0.001; gp2 = 0.97), but not disk radius (F3,9 = 1.2;
p = 0.350; gp2 = 0.29), has a signiﬁcant effect on performance.
When groupmotion condition is removed from the analysis, exper-
imental condition ceases to be signiﬁcant (F2,6 = 3.0; p = 0.174;
gp2 = 0.50). Performance is above 80% correct in the case of group
motion, while it is near chance for all other conditions. Using a
paired t-test comparing performance to 50% chance-level, we
obtained the following results: (i) element motion experiment con-
dition (t11 = 1.137; p = 0.279); (ii) no-motion control condition
with ISI = 210 (t11 = 1.355; p = 0.202); and iii) No-motion control
condition with ISI = 0 (t11 = 0.212; p = 0.835).
6.3. Discussion
The results indicate that the strength of dot rotation perception
in the neighborhood of the reference frame is independent of the
reference-disk size. Note that in the case of minimal disk size
(6.780), the disks are perceived to be slightly larger than the dot.
Nonetheless, the perception of dot rotation remains strong, so long
as group motion is maintained between the reference disks. In rel-
ative terms, the constancy of the reference frame effect extends to
dot-disk separation to disk-radius ratios as large as 20. In the
absence of group motion, however, there is no dot rotation
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Fig. 5. Experiment 2: percentage of correct responses of detecting the direction of
dot rotation, plotted against the disk radius size (Arcminutes). Performance is well
above chance level when the reference disks are perceived to be moving as a group,
but near chance level for all other experimental conditions. The disk radius has no
signiﬁcant effect on performance. Error bars correspond to ±1 SEM.
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dynamic objects constituting the reference frame have no signiﬁ-
cant effect on the strength of motion induced in neighboring
targets.
Taken together, the results of Experiments 1 and 2 suggest that
the motion of the reference elements creates a reference-frame
effect that extends uniformly across a substantial spatial range.
In the next experiment, we investigated how reference frames
interact over space.
7. Experiment 3: interactions between reference frames moving
in opposite directions
7.1. Methods
In order to study the interactions between non-retinotopic ref-
erence frames in a multi-reference environment, we added a set of
square objects to act as a secondary reference in our experimental
paradigm (Fig. 6). Different shapes (disks of 270 radius and squares
of 540 sides) were designated so that elements belonging to the two
reference frames remain perceptually different from one another.
The dot radius and the disk-dot center-to-center distance were
ﬁxed at 4.50 and 530 respectively. Two different conditions were
examined. In the static condition, a set of four stationary squares
were displayed above the Ternus–Pikler reference disks
(Video-8). The stationary squares appeared on the screen before
the ﬁrst trial and remained visible throughout the experiment. In
the dynamic condition, two Ternus–Pikler stimuli, one composed
of disks and one composed of squares, were displayed simultane-
ously. The two Ternus–Pikler displays moved in opposite direction
with respect to each other, so as to create reference ﬁelds of oppo-
site direction (Video-9). The center to center distance between the
squares and the disks was varied in the range from 67.860 to 3000,
for both static and dynamic neighborhood conditions. In a 2-AFC
method, one of the authors and four naïve observers (ages 24–
36) reported the perceived direction of dot rotation. Three of the
naïve observers were chosen from the subject population of
Experiment 2. Data were collected in eight blocks (four blocks for
the static and four blocks for the dynamic neighbor condition),
each of which consisted of 150 trials. Since subject performance
in Experiment 1 was at chance for the no-reference control condi-
tion even in the absence of an opposing neighboring ﬁeld, weeliminated the no-reference control condition from Experiment 3.
By analogy, the no-motion control condition for ISI = 0 ms was
removed, and the no-motion control condition was included for
ISI = 210 ms only.
7.2. Results
Fig. 7 shows performance as a function of the vertical distance
between the two neighboring reference frames. Two-way
repeated-measures ANOVA indicates that the effect of experimen-
tal condition on performance is signiﬁcant (F3,12 = 53.6; p < 0.001;
gp2 = 0.93). While the overall effect of distance is insigniﬁcant
(F3,12 = 3.2; p = 0.088; gp2 = 0.44)., there is a signiﬁcant interaction
between the reference distance and experimental condition
(F9,36 = 4.2; p = 0.004; gp2 = 0.69). Furthermore, one-way ANOVA
shows that the distance between the neighboring squares and
the Ternus–Pikler reference disks in fact has a signiﬁcant effect
on performance in the dynamic neighbor experiment condition
(F3,12 = 17.3; p < 0.001; gp2 = 0.81), but not in the static neighbor
condition (F3,12 = 0.1; p = 0.878; gp2 = 0.02).
7.3. Discussion
The presence of an opposing dynamic reference-frame in the
neighborhoodof theoriginal reference frame interfered signiﬁcantly
withperceptionof dot rotation. Themagnitude of this interference is
a decreasing function of the distance of the neighboring reference
(squares) from the main Ternus–Pikler reference (disks). A static
neighboring reference-frame, on the other hand, had no signiﬁcant
effect on the perception of dot rotation, evenwhen the dot fell inside
the neighboring static objects. These ﬁndings indicate that it is in
fact the motion of the neighboring squares, and not the squares
themselves that serves as a reference frame, capable of interfering
with the original ﬁeld created by the moving disks.8. Experiment 4: interactions between reference frames moving
in the same direction
In Experiment 3, we analyzed the nature of interference
between the two dynamic reference frames moving at the same
speed, but in the opposite direction. In this experiment, we inves-
tigated the interactions of two reference frames moving in the
same direction with the same speed.
8.1. Methods
The stimulus used in Experiment 4 was similar to that of the
dynamic multi-reference case of Experiment 3, with the exception
of the direction of motion for the neighboring reference. The three
square elements of the neighboring reference were aligned and
synchronized with the disks of the original reference to produce
two Ternus–Pikler reference frames with identical motion (See
Fig. 8). The center-to-center vertical distance between the two
neighboring reference frames was varied in the range of 67.860 to
3000. Observers were asked once again to maintain ﬁxation at the
center of the display screen, and to report the perceived direction
of dot rotation. The same 5 observers of Experiment 3 participated.
Our informal examination of the stimuli indicated that when the
reference frames are perceived to be in element motion, perfor-
mance remained near chance, as observed in Experiments 1, 2,
and 3. Consequently, only the group-motion condition for the
Ternus–Pikler disks was examined in this experiment. In four
blocks of 100 trials each, subjects were presented with the stimu-
lus in a similar procedure as described in the previous
experiments.
Fig. 6. Stimuli used in Experiment 3 and respective percepts. Stimuli design was similar to that of Experiment 1, with the addition of a neighboring reference frame. Different
shapes (disks of 270 radius and squares of 540 sides) were chosen so that elements belonging to the two reference frames remained perceptually different from one another.
Element motion and no-motion conditions were included in the experiment, but not shown here. (A) Static neighbor: four static squares were introduced above the Ternus–
Pikler disks. The distance between the static neighboring set and the Ternus–Pikler reference was varied in the range of 67.860 to 3000 . Note that at the minimal separation
between the disks and squares, the target dot (4.50 radius) falls inside the boundaries of one of the neighboring squares. (B) Dynamic neighbor: three neighboring squares
moved in a similar pattern as the Ternus–Pikler disks, but in the opposite direction. All other parameters were identical to the static neighbor condition.
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In the case of static neighbor, subject performance remains well above 80%,
regardless of the corresponding distance between the neighboring squares and the
disks. In the case of dynamic neighbor, however, performance decreases as the
distance between the disks and squares is reduced. Error bars correspond to ±1
SEM.
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Results are plotted in Fig. 9. Paired two-sample t-test compar-
ison of performance means, between the same direction neighbor
condition of Experiment 4 and the static neighbor condition ofExperiment 3, reveals that the presence of a neighboring reference
frame which moves in the same direction as that of the primary
reference improves subject performance signiﬁcantly (t11 = 18.11;
p < 0.001; d = 1.96).
8.3. Discussion
The facilitatory effect of an iso-direction neighboring reference
on performance supports the existence of an additive property for
non-retinotopic motion ﬁelds. These ﬁndings are in agreement
with those of Experiment 3, where the presence of an opposite
direction non-retinotopic motion ﬁeld had an inhibitory effect.
9. Experiment 5: effects of attention on non-retinotopic
processing
In the previous experiments, observers were asked to focus
their attention on the Ternus–Pikler disks. In our informal observa-
tions of the stimuli presented for long durations, we noticed that
the allocation of attention to other parts of the display could alter
the percepts. In addition, allocation of attention has been found to
inﬂuence the likelihood of perceiving group motion in Ternus–
Pikler displays (Aydin, Herzog, & Ogmen, 2011b). Since formation
and maintenance of non-retinotopic reference frames depend crit-
ically on the perception of group motion among the elements of
the Ternus–Pikler reference, we hypothesized that diversion of
attention in our experiment should inﬂuence the strength of
non-retinotopic reference-frame effect. In Experiment 5, we stud-
ied the role of attention on non-retinotopic reference frames.
9.1. Methods
The stimulus used in Experiment 5 was identical to that of the
static multi-reference case of Experiment 3. In order to study the
Fig. 8. Stimuli used in Experiment 4 and respective percepts. Stimulus design was
similar to that of Experiment 1, with the addition of a neighboring reference frame.
Different shapes (disks of 270 radius and squares of 540 sides) were chosen so that
elements belonging to the two reference frames remained perceptually different
from one another. Three neighboring squares moved in a similar pattern and in the
same direction as the Ternus–Pikler disks. All other parameters were identical to
those of Experiment 3. The distance between the static neighboring set and the
Ternus–Pikler reference was varied in the range of 67.860–3000 . Note that at the
minimal separation between the disks and squares, the target dot (4.50 radius) falls
inside the boundaries of one of the neighboring squares.
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Fig. 9. Experiment 4. Percentage of correct responses in detecting the direction of
dot rotation, averaged across observers (N = 4) and plotted against the center-to-
center distance between the two neighboring Ternus–Pikler references (disks and
squares). When both sets are perceived to be in group motion, performance remains
above 90% regardless of the inter-reference distance. When the Ternus–Pikler disks
are in no-motion control condition, however, performance depends on the distance
between the two reference frames. Error bars correspond to ±1 SEM.
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instructed to focus their attention on the two central elements in
the presented set of four static squares. The task was to report
the perceived direction of dot rotation. Fixation was maintained
at the center of the display screen. Once again, the
center-to-center vertical distance between the neighboring
squares and the Ternus–Pikler reference disks was varied in the
range of 67.860–3000, and subject performance was measured.
Subject population was composed of the same four individuals that
took part in Experiments 3 and 4. With subjects attending the
neighboring static reference, responses were collected in four
blocks of 100 trials each, in accordance with procedures discussed
in the previous experiments.
9.2. Results
Fig. 10 shows performance as a function of the vertical distance
between the neighboring square objects and the Ternus–Pikler ref-
erence disks. The data displayed here includes the static neighbor
results obtained in Experiment 3 as well. Collectively, four experi-
mental conditions were included based on perceived motion of the
Ternus–Pikler disks (group or element) and the locus of attention
(Ternus–Pikler disks or neighboring squares). Two-way
repeated-measures ANOVA shows that the experimental condition
(F3,9 = 30.8; p = 0.002; gp2 = 0.91), but not the inter-reference dis-
tance (F3,9 = 0.12; p = 0.947; gp2 = 0.22) is signiﬁcant. Performance
remains near chance in the element motion condition, regardless
of locus of attention (t11 = 0.43; p = 0.334 and t11 = 1.57;
p = 0.068 respectively for attending disks or squares). When the
element motion conditions are removed from the obtained results,
two-way repeated-measures ANOVA shows that attending the sta-
tic neighboring reference instead of the Ternus–Pikler disks signif-
icantly attenuates the average performance (F1,3 = 13.7; p = 0.034;
gp2 = 0.82).
9.3. Discussion
The results of Experiment 5 indicate that diversion of attention
from the main reference signiﬁcantly attenuates the strength of
motion-based non-retinotopic reference frames. These ﬁndings
emphasize the role of top-down perceptual processes in the estab-
lishment and maintenance of non-retinotopic reference frames,
and support earlier reports (Aydin, Herzog, & Ogmen, 2011b) on
the signiﬁcant role of attention in modulation of spatio-temporal
grouping. Aydin, Herzog, & Ogmen (2011b) showed that diverting
attention away from Ternus–Pikler elements reduces the probabil-
ity of group motion percept. Since establishment and maintenance
of non-retinotopic reference frames depend on the perception of
group motion, diverting attention away from the Ternus–Pikler
disks (to the static neighboring squares) reduces the strength of
the reference frame induced by the Ternus–Pikler elements.
Moreover, it was sufﬁcient to divert attention at the closest dis-
tance to reduce the effect, and spreading attention further away
in space did not cause any additional drop in performance.10. General discussion
The human brain uses a variety of reference frames according to
the different tasks it performs. For example, a body-centered refer-
ence frame is especially useful in coordinating the interactions of
the body and limbs with respect to the environment. A
body-centered reference-frame can guide reaching movements
since the variable of interest is the position of the selected target
with respect to the hand. A retinotopic reference-frame can effec-
tively produce an error signal to move or to keep the fovea on a
Fig. 10. Experiment 5. Percentage of correct responses in detecting the direction of dot rotation, averaged across observers (N = 4), and plotted against the center-to-center
distance between the Ternus–Pikler reference disks and the neighboring set of static squares. Performance is near chance in the absence of group motion. Once group motion
is established between Ternus–Pikler disks, performance improves. When the Ternus–Pikler disks are in group motion and attended, performance remains well above 80%.
Average performance, however, attenuates signiﬁcantly when the neighboring static squares are attended instead of the Ternus–Pikler disks. Inter-reference distance has no
signiﬁcant effect on performance, regardless of the perceived reference motion or the locus of attention. Error bars correspond to ±1 SEM.
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to the observer, are called egocentric (viewer-centered) reference
frames. Coordination between different senses or between percep-
tion and action require coordination between these respective ref-
erence frames. In early stages of cognitive development, the child’s
universe is built mainly around egocentric reference-frames; how-
ever, later in development, the child undergoes a ‘‘decentering’’
process whereby exocentric (allocentric) reference frames lead to
a conceptualization of a world independent of the self
(Montangero & Maurice-Neville, 1994; Piaget & Inhelder, 1969).
Exocentric reference-frames are those that are relative to entities
outside of the observer. Since in our study the observer is station-
ary with respect to the stimulus, the non-retinotopic effects that
we observe can be attributed to an exocentric reference-frame.
Exocentric reference-frames play a signiﬁcant role in computations
that determine observer-independent properties of stimuli, such as
view-point invariant recognition of objects. Two commonly evoked
exocentric reference frames are spatiotopic and object-based refer-
ence frames. The former refers to a reference frame ﬁxed at a given
location in space and thus remains stationary with respect to the
space surrounding the observer. The latter refers to a reference
frame ﬁxed on an object. When the object is stationary,
object-based and spatiotopic reference frames become equivalent.
However, when the object moves, the reference frame is no longer
stationary in space but moves with the object. Since in our exper-
iments observers remained stationary with respect to the environ-
ment, the effects that we observe cannot be explained by
spatiotopic reference frames.
Does an object-based reference frame constitute an appropriate
way to describe our ﬁndings? The term ‘‘object’’, although intu-
itively appealing, is rather vague in its deﬁnition (Avrahami,
1999; Egly, Driver, & Rafal, 1994; Feldman, 1999; Humphreys &
Riddoch, 2007; Kasai, Moriya, & Hirano, 2011; Marino & Scholl,
2005; Marr, 1982; Scholl, Pylyshyn, & Feldman, 2001).
Considering the commonly suggested constraints of closure and
connectedness to deﬁne objects, we suggest that the reference
frame revealed by our studies can be better described in terms of
a ‘‘ﬁeld’’ rather than an object. We use the term ﬁeld in a similarway to its use in Gestalt psychology, which in turn is an adaptation
of the ﬁeld concept from physics (Koffka, 1935). From a more mod-
ern perspective, the ﬁeld effect can be expressed as curvature of
perceptual space-time (cf., gravity lens theory for a static version;
(Greene, 1998; Naito & Cole, 1994). The traditional deﬁnition of
object (closure and connectivity) would suggest interactions via a
direct physical mediator (e.g., movement of the torso inducing
the movement of the limb) while the ﬁeld concept allows to
explain how effects can spread over space without requiring phys-
ical contact or connectivity.
In this study, by using motion perception as an example, we
examined how an exocentric reference frame exerts its inﬂuence
on probe stimuli. Our results show that the effect of the reference
frame is independent of the size and the boundary of the inducing
elements. Whether the probe stimuli (dots) were placed inside or
outside of the disks had no effect. Similarly, when a second static
reference frame was introduced (Experiment 3), whether or not
the probe dot fell inside the elements of this second reference
frame had no inﬂuence on our results. Thus placing the dot inside
the putative reference object and making it part of that object ver-
sus placing it outside without a connection had no effect. Similarly,
placing the dot inside another object (the square) had no effect
either. Furthermore, the proximity of the dot to the luminance
deﬁned boundary of the inducing object had no effect within the
tested range. Thus the effect of the reference frame near the
boundary spreads uniformly (within the tested range) over space
as a ﬁeld, inﬂuencing other stimuli presented within this ﬁeld.
The results of Experiment 4, however, indicate that the magnitude
of interaction between the ﬁelds of two neighboring reference
frames with opposite velocities attenuates as their relative spatial
distance increases. This ﬁnding can be taken as evidence for the
dependence of ﬁeld strength on distance, over longer ranges. In
fact, using smooth continuous motion that allowed the probing
of larger distances, we obtained distance-dependent drop in the
reference frame effect (Agaoglu, Herzog, & Ogmen, 2015). Our
results also indicate that interactions between reference frames
occur only when they are in motion; suggesting that the ﬁelds gen-
erated by the reference frames are motion-based. The signiﬁcant
Fig. 11. Non-retinotopic ﬁeld effect: (A) the effect of a non-retinotopic reference
frame extends over space, creating a ﬁeld within which target stimuli are localized
and perceived relative to the reference frame. (B) In a multi-reference environment,
the perception of target features is inﬂuenced by the net effect of all reference ﬁelds
acting on that target. In this case, motion vectors V1 and V2 have equal magnitudes
and opposite directions, resulting in a null net effect on the probe.
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frame ﬁeld supports the hypothesis that top-down processes are
involved in formation and maintenance of non-retinotopic refer-
ence frames.
Fig. 11 summarizes our ﬁndings. Unlike object-based theories,
we do not assume that an object is processed and recognized ﬁrst
to establish a reference frame. Rather, a quick computation of
motion establishes dynamic reference frames that extend in space
irrespective of boundary or size of stimuli that generate the motion
vectors. At each point in space, multiple reference frames interact
to produce a net reference frame against which other stimuli are
perceived. These interactions can be agonistic or antagonistic
depending on motion directions. Static stimuli are those with null
motion vectors and thus do not interact with other reference frame
ﬁelds. We suggest that these dynamic reference-frames constitute
the foundation of non-retinotopic processes that allow the brain to
compute representations that are invariant to ego- and
exo-motion.
Acknowledgments
We thank the reviewers for helpful comments and suggestions.
Michael Herzog is supported by the Swiss National Science 967
Foundation (SNF) project ‘‘Basics of visual processing: from retino-
topic encoding to non-retinotopic representations.’’Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.visres.2015.05.
010.References
Agaoglu, M. N., Herzog, M. H., & Ogmen, H. (2015). Field-like interactions between
motion-based reference frames. Atten Percept Psychophys, Apr 17, [Epub ahead
of print].
Agaoglu, M. N., Herzog, M. H., & Ogmen, H. (2015). The effective reference frame in
perceptual judgments of motion direction. Vision Research, 107, 101–112.
Avrahami, J. (1999). Objects of attention. Objects of perception. Perception &
Psychophysics, 61(8), 1604–1612.
Aydin, M., Herzog, M. H., & Ogmen, H. (2011a). Barrier effects in non-retinotopic
feature attribution. Vision Research, 51, 1861–1871.
Aydin, M., Herzog, M. H., & Ogmen, H. (2011b). Attention modulates spatio-
temporal grouping. Vision Research, 51(4), 435–446.
Boi, M., Ogmen, H., & Herzog, M. H. (2011a). Motion and tilt aftereffects occur
largely in retinal, not in object, coordinates in the Ternus–Pikler display. Journal
of Vision, 11(3).
Boi, M., Ogmen, H., & Herzog, M. H. (2011b). Non-retinotopic exogenous attention.
Current Biology, 21, 1732–1737.
Boi, M., Ogmen, H., Krummenacher, J., Otto, T. U., & Herzog, M. H. (2009). A
(fascinating) litmus test for human retino- vs. non-retinotopic processing.
Journal of Vision, 9(13), 11.
Cavanagh, P., Holcombe, A. O., & Chou, W. (2008). Mobile computation:
Spatiotemporal integration of the properties of objects in motion. Journal of
Vision, 8(12).
Davidson, M. L., Fox, M. J., & Dick, A. O. (1973). Effect of eye-movements on
backward masking and perceived location. Perception & Psychophysics, 14(1),
110–116.
Egly, R., Driver, J., & Rafal, R. D. (1994). Shifting visual-attention between objects
and locations – Evidence from normal and parietal lesion subjects. Journal of
Experimental Psychology – General, 123(2), 161–177.
Feldman, J. (1999). The role of objects in perceptual grouping. Acta Psychologica,
102(2–3), 137–163.
Greene, E. (1998). A test of the gravity lens theory. Perception, 27(10), 1221–1228.
Huang, L., & Pashler, H. (2007). A boolean map theory of visual attention.
Psychological Review, 114, 599–631.
Humphreys, G. W., & Riddoch, J. (2007). How to deﬁne an object: Evidence from the
effects of action on perception and attention. Mind & Language, 22(5), 534–547.
Irwin, D. E. (1991). Information integration across saccadic eye-movements.
Cognitive Psychology, 23(3), 420–456.
Johansson, G. (1973). Visual perception of biological motion and a model for its
analysis. Perception & Psychophysics, 14(2).
Kahneman, D., Treisman, A., & Gibbs, B. J. (1992). The reviewing of object ﬁles –
Object-speciﬁc integration of information. Cognitive Psychology, 24(2), 175–219.
Kasai, T., Moriya, H., & Hirano, S. (2011). Are objects the same as groups? ERP
correlates of spatial attentional guidance by irrelevant feature similarity. Brain
Research, 1399, 49–58.
Kawabe, T. (2008). Spatiotemporal feature attribution for the perception of visual
size. Journal of Vision, 8(8), 9.
Knapen, T., Rolfs, M., & Cavanagh, P. (2009). The reference frame of the motion
aftereffect is retinotopic. Journal of Vision, 9(5), 6.
Koffka, K. (1935). Principles of Gestalt psychology. New York: Harcourt, Brace &
World Inc.
Marino, A. C., & Scholl, B. J. (2005). The role of closure in deﬁning the ‘‘objects’’ of
object-based attention. Perception & Psychophysics, 67(7), 1140–1149.
Marr, D. (1982). Vision. New York: W.H. Freeman.
McRae, K., Butler, B. E., & Popiel, S. J. (1987). Spatiotopic and retinotopic
components of iconic memory. Psychological Research-Psychologische
Forschung, 49(4), 221–227.
Melcher, D., & Colby, C. L. (2008). Trans-saccadic perception. Trends in Cognitive
Sciences, 12(12), 466–473.
Melcher, D., & Morrone, M. C. (2003). Spatiotopic temporal integration of visual
motion across saccadic eye movements. Nature Neuroscience, 6(8), 877–881.
Montangero, J., & Maurice-Neville, D. (1994). Piaget ou l’intelligence en marche.
Liège: Mardaga.
Naito, S., & Cole, J. B. (1994). The gravity lens illusion and its mathematical model.
Contributions to Mathematical Psychology, Psychometrics, and Methodology,
39–50.
Nishida, S., Watanabe, J., Kuriki, I., & Tokimoto, T. (2007). Human visual system
integrates color signals along a motion trajectory. Current Biology, 17(4),
366–372.
Noory, B., Herzog, M. H., & Ogmen, H. (2015). Retinotopy of visual masking and non-
retinotopic perception during masking. Attention, Perception, & Psychophysics,
77, 1263–1284.
Ogmen, H., & Herzog, M. H. (2010). The geometry of visual perception: Retinotopic
and nonretinotopic representations in the human visual system. Proceedings of
the IEEE, 98(3), 479–492.
Ogmen, H., Otto, T. U., & Herzog, M. H. (2006). Perceptual grouping induces non-
retinotopic feature attribution in human vision. Vision Research, 46(19),
3234–3242.
Otto, T., Ogmen, H., & Herzog, M. H. (2008). Assessing the microstructure of motion
correspondences with non-retinotopic feature attribution. Journal of Vision, 8,
1–15.
Palmer, S. E. (1999). Vision science: From photons to phenomenology. MIT Press.
54 B. Noory et al. / Vision Research 113 (2015) 44–54Pantle, A., & Picciano, L. (1976). Multistable movement display – Evidence for 2
separate motion systems in human-vision. Science, 193(4252), 500–502.
Petersik, J. T., & Rice, C. M. (2006). The evolution of explanations of a perceptual
phenomenon: A case history using the Ternus effect. Perception, 35(6), 807–821.
Piaget, J., & Inhelder, B. (1969). The psychology of the child. New York: Basic Books.
Pikler, J. (1917). Sinnesphysiologische Untersuchungen.
Scharnowski, F., Hermens, F., Kammer, T., Ogmen, H., & Herzog, M. H. (2007).
Feature fusion reveals slow and fast memories. Journal of Cognitive Neuroscience,
19, 632–641.Scholl, B. J., Pylyshyn, Z. W., & Feldman, J. (2001). What is a visual object? Evidence
from target merging in multiple object tracking. Cognition, 80(1–2), 159–177.
Shimozaki, S. S., Eckstein, M., & Thomas, J. P. (1999). The maintenance of apparent
luminance of an object. Journal of Experimental Psychology-Human Perception
and Performance, 25(5), 1433–1453.
Ternus, J. (1926). Experimentelle Untersuchungen uber Phanomenale Identitat.
Psychologische Forschung, 7, 81–136.
Treisman, A. M., & Gelade, G. (1980). A feature-integration theory of attention.
Cognitive Psychology, 12, 97–136.
